We describe a non-radioisotopic automated immunoassay for serum digoxin in the therapeutic range at 50 samples per hour by use of the particle-counting immunoassay technique and a special reagent, rheumatoid factor. Digoxin is determined by evaluating its inhibitory activity on the agglutination of digoxin-coated latex particles. The agglutinating system consists of the anti-digoxin lgG mixed with rheumatoid factor. This anti-lgG autoantibody reacts with lgG when they are aggregated or bound to a surface. Interference by serum proteins was prevented by pepsin digestion at 37 #{176}C. Correlation with radioimmunoassay was r = 0.94 for 109 samples with concentrations between 0 and 5.7 tg/L. Analytical recovery overall averaged 102%. 
in which latex particles are used as markers instead of a radiolabel, has been used for determination of antigens (1,2), antibodies (1), and immune complexes (3, 4) . In all cases, measurement depended on counting unagglutinated particles in a blood-cell counter. In contrast to macromolecular antigens, haptens cannot agglutinate antibody-coated particles. Therefore, in our first attempt to determine small molecules such as thyroxine, the agglutinator was a macromolecule (dextran) to which were bound several thyroxine molecules (1). The concentration of thyroxine was estimated by its inhibitory activity on the agglutination of antibody-coated latex by the dextran-thyroxine complex. Such a system applied to thyroxine had a sensitivity of 10 g/L, which was insufficient for assay of some other haptens such as triiodothyronine or digoxmn. We also failed to reach the required sensitivity in a system based on the inhibition of antibodies agglutinating hapten-coated latex; presumably because of the weak agglutinating activity of IgG antibodies.
Here we show that with a special additional reagent, 1gM rheumatoid factor, one can enhance the agglutinating process and so extend the application of PACIA to determination of digoxin, for which the therapeutic concentrations in serum range from 0.8 to 2.2 g/L.
To obviate nonspecific agglutination or inhibition, we submitted the sera before analysis to a brief digestion by pepsin. 
Materials and Methods

Reagents
Glycine-buffered saline (GBS). This consists, per liter, of 0.1 mol of NaC1, 0.17 mol of glycine, and 40mg of Na azide; the pH is adjusted to 9.2 with NaOH.
GBS-BSA.
A solution of 10 g of bovine serum albumin (Biograde; Calbiochem, 6000 Lucerne, Switzerland) per liter of GBS.
HCI-pepsin.
This consists of 0. The anti-digoxin IgG was mixed with the rheumatoid serum and GBS-BSA to reach a final 50-fold dilution for the rheumatoid serum, corresponding to a 4000-fold dilution of the IgG in the starting antiserum. The mixture was stored at -20 #{176}C in 1-mL aliquots, enough for 60 assays.
Latex. These were carboxylated polystyrene particles (0.8 zm diameter, 100 g/L, Estapor K 150, batch No. 314; Rh#{244}ne-Poulenc, Courbevoie, France).
BSA-digoxin.
This conjugate was prepared by the periodate procedure (6) . Digoxin was from Boehringer, Mannheim, F.R.G.
Digoxin-BSA-latex.
Coupling to latex was based on the use of water-soluble carbodiimide as describedby Goodfriend et al. (7). Carboxylated latex (0.5 mL) was washed in 5 mL of isotonic saline buffered by borate (20 mmol/L, pH 8.1), centrifuged, resuspended in 1 mL of this buffer, and activated by being stirred for 45 mm at room temperature with 25 mg of 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride (Sigma Chemical Co.). After centrifugation and resuspension in 1 mL of borate-buffered saline, the activated latex was incubated overnight at 4 #{176}C, with gentle agitation, with 25 L of BSA-digoxin (10 g/L isotonic saline). After 250 L of GBS-BSA was added, the particles were centrifuged, washed three times with GBS-BSA, resuspended in 10 mL of GBS-BSA, and sonicated for a few seconds with a Model B-12
Danbury, CT 06810). If it was to be used within three weeks, the digoxin-BSA-latex was stored at 4#{176}C. For longer storage, the reagent was lyophilized without any further treatment.
Before use, the latex suspension was diluted fourfold with GBS containing, per liter, 0.05 mol of EDTA, 60 g of polyethylene glycol 6000 (Merck, Darmstadt, F.R.G.), and NaCl at half saturation.
Digoxin metabolites.
Digoxigenin, digoxigeni,n mono-digitoxoside, digoxigenin-bis-digitoxoside, and dihydrodigoxin
were from Boehringer-Mannheim.
Standards and Samples
Digoxin was dissolved in ethanol to give a concentration of 1 g/L. To prepare the standards, we then diluted this solution with a pooled specimen of normal human sera.
Chylomicrons usually do not interfere in the latex counting. However, when the serum samples have been frozen, some particles formed by denatured lipoproteins can be counted as if they were latex particles. Because most of the present work was done on sera that had been frozen, they were first treated to eliminate this possible source of interference. for 10 mm at 37 #{176}C with 300 iiL of HC1-pepsin. The digestion was then stopped by adding 20 iL of tris(hydroxymethyl)methylamine (2 mol/L). The extent of proteolysis was not checked. A 5-mm incubation sufficed to inactivate all agglutinating factors of 49 patients' sera but, for safety, we prolonged the incubation to 10 mm.
PACIA Equipment
The equipment comprises the special module DIAS (Diluter-Incubator-Agitator-Sampler), a Pump III, an Auto- Switzerland. This equipment is described in refs. 8 and 9.
In the work reported here, the pepsin digestion was done manually, and the DIAS set up was that used for determination of a1-fetoprotein (8) . However, by changing the position of the second station of DIAS and adding a third needle at this station ( Figure 2 ) it has been possible to automate the assay fully, except for the step of pretreatment with Freon, a step necessary only for samples that have been frozen.
Semi-Automated Method
An unmeasured quantity, about 200 L, of treated serum was pipetted into a sample cup and placed in the inner row of the sampler tray. Probe 1 aspirated 100 iL of the sample into a reaction tube, then 15 tL of the agglutinating mixture and 15 itL of latex were sequentially added by probes 2 and 3. After incubation at 37 #{176}C for 25 mm in the vortexing tray, the suspension was diluted by adding 0.88 iL of GBS, and 88 fiL was aspirated into the manifold, in which the suspension was further diluted 20-fold with GBS containing 1 mL of Tween 20 surfactant per liter (Technicon). After debubbling, the resulting stream passed through the optical cell counter. The concentration of unagglutinated particles was expressed by peak heights on the recorder. With this apparatus 50 analyses per hour were performed.
Radioimmunoassay
Radioimmunoassay was performed with "Immo Phase" kits from Corning Medical, Medfield, MA 02052.
Results
Calibration
curve. For suitable sensitivity, we used the highest dilution of anti-digoxin IgG (1/4000) that gave in the presence of rheumatoid serum a decrease of the number of particles to at least 30% of the total number of particles obtained in the absence of agglutinators. To reach the same extent of agglutination with the anti-digoxin IgG alone, without rheumatoid serum, would have required about 30 times more antibodies. Fig. 3 . Calibration curve for determination of digoxin by PACIA from day to day. Hence, to obtain similar calibration curves we expressed the extent of the reaction as a percentage of the total inhibition corresponding to the differences between the peak height obtained in the absence of agglutinator and peak height in the absence of inhibitor. The calibration curve covered the range from 0.4 to 6 rg/L.
Interferences.
To check for possible interferences by nonspecific agglutinators resisting the pepsin treatment, we tested the agglutinating activity of 49 patients' sera on digoxin-BSA-latex, the agglutinating mixture being replaced by the buffer usually used to dilute the anti-digoxin IgG and rheumatoid serum. The CV for the mean concentration of nonagglutinated particles was 1.7%. We also tested for possible nonspecific inhibitory effects on the agglutination produced The starting solutions of digoxin were prepared in a pool of normal sera and one volume was added to nine volumes of each of the various sera to be tested. The recovery was calculated from data on 10 different sera for each concentration of digoxin. The first three groups were made with the same 10 sera; the seven other groups were made wIth different sera. (Table 2) , was maximally 12.5and 8.9%, respectively.
The relatively high within-assay CV can be explained for one series of assays by drift. 
Interferences by digoxin metabolites.
Solutions of various digoxin metabolites in normal human serum were assayed by PACIA and radioimmunoassay (Table 3) . In both assays, very weak or no reactions were observed with digoxigenin-bisdigitoxoside and dihydrodigoxin, but digoxigenin-monodigitoxoside reacted as well as did digoxin in each system. Significant differences between the two assays were observed with digoxigenin.
By expressing the results in equivalents of digoxin we found that the analytical recoveries ranged from 112 to 200% in PACIA and from 160 to 275% in radioimmunoassay.
Discussion
The novelty of the present application of PACIA to determine haptens such as digoxin is the use of rheumatoid factor to increase the sensitivity of the reaction after protein interference is destroyed with pepsin. In hemagglutination tests the reaction is often enhanced by addition of anti-IgG antibodies, but these react not only with the IgG bound to the particles but also with free IgG, involving therefore a separation step to remove free IgG. The specificity of rheumatoid factor for bound IgG makes such a separation step unnecessary. In the unlikely event that human rheumatoid factor would be difficult to obtain, other agglutinators such as Clq, murine agglutinator (MAG) (4), or even rabbit rheumatoid factor (10) could be substituted.
Our tests on recovery and precision would indicate that peptic digestion has effectively removed serum interference. Residual protein-protein interactions are further decreased by the use of a high pH (pH 9.2) in the reaction medium.
The correlation between the PACIA results and the known
In conclusion, PACIA seems a suitable method for determination of digoxin, and very likely of many other haptens, with the following advantages: (a) 
